Appl.No. 10/697,995 
Amendment dated October 19, 2007 
Reply to Office Action of August 24, 2007 

REMARKS 

Entry of this amendment and reconsideration of the rejection of the claims is respectfully 
requested. 

Claims 77-78, 121-130, and 132 have been cancelled without prejudice or disclaimer. 
Claims 121-130 are cancelled due to a restriction requirement and applicants reserve the right to 
pursue the subject matter of these claims in a divisional application. Applicants reserve the right 
to pursue the subject matter of claims 77-78 and 132 in one or more continuation applications 

Claims 55, 70-71, 89, and 105 are currently amended to clarify the subject matter of the 
claims. These amendments are supported throughout the specification. No new matter is 
introduced by these amendments. 

Interview Summary 

Applicants thank Examiner Crowder and her supervisor for the interview on October 9, 
2007. We discussed the art rejections of record. 

Restriction 

The Examiner indicated that claims 86, 100, and 121-130 have been withdrawn from 
consideration as being drawn to nonelected inventions. 

While not acquiescing to the statements by the Examiner and solely to expedite 
prosecution, Applicants have cancelled claims 121-130 without prejudice or disclaimer. 

With regard to claims 86 and 100, Applicants submit that these claims were withdrawn 
from examination due to species election requirement. Applicants request rejoinder of the claims 
and examination if the elected species is found allowable. 

Objection to the Claims 

Claim 132 was objected to for being dependent on non elected claims. While not 
acquiescing to the rejection and solely to expedite prosecution, claim 132 has been cancelled 
rendering the rejection moot. 
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Rejections under 35 U.S.C. § 112, first paragraph 

Claims 55, 58-68, 70-85, 87-99, 101, 103-105, 107-1 13,131 and 132 were rejected under 
35 U.S.C. § 112, first paragraph, for allegedly failing to comply with the written description 
requirement. Claims 77-78, and 132 have been cancelled rendering the rejection of these claims 
moot. Applicants respectfully traverse the rejection with regard to claims 55, 58-68, 70-76, 79, 
83-85, 87-99, 101, 103-105, 107-113 and 131. 

Specifically, the Examiner contends that the specification fails to support the phrase 
"cysteine residue forms an inter-chain disulfide chain when present". While not acquiescing to 
the rejection and solely to expedite prosecution, the claims no longer refer to "forms". 
Applicants request withdrawal of the rejection 

Rejections under 35 U.S.C. $ 102(b) 

Claims 55, and 58 were rejected under 35 U.S.C. § 102(b) as anticipated by Gillies et al., 
Human Antibody Hybridomas 1 : 47-54 (1 990), and by Davis et al., EMBO J. 9: 25 1 9-2526 
(1989). Applicants respectfully traverse this rejection. 

"A claim is anticipated only if each and every element as set forth in the claim is found, 
either expressly or inherently described, in a single prior art reference." Verdegaal Bros. v. 
Union Oil Co. of California, 814 F.2d 628, 631 (Fed. Cir. 1987). Because neither Gillies nor 
Davis teach each and every element of the claims, they do not anticipate the claimed subject 
matter. 

Gillies, inter alia, does not teach an isolated polynucleotide comprising a prokaryotic 
secretion signal sequence. Gillies et al teaches a construct expressed in a hybridoma cell line. 
Therefore, as Gillies fails to teach each and every element of the present claims, the reference 
does not anticipate the present claims. 

Davies et al, inter alia, does not teach an isolated polynucleotide comprising a 
prokaryotic secretion signal sequence. Davies et al teaches a construct expressed in a hybridoma 
cell lines. Therefore, as Davis fails to teach each and every element of the present claims, the 
reference does not anticipate the present claims. 
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Based on the foregoing, withdrawal of the rejections under 35 U.S.C. § 102(b) is 
respectfully requested. 
Rejection under 35 U.S.C. § 102(e) 

Claims 55, 58-68, 70-85, 87-99, 101,103-105, 107-1 13 and 131-32 were rejected under 
35 U.S.C. § 102(b) as anticipated by Simmons et al. (U.S. Patent Pub. No. 2005/0170464). 
Applicants respectfully traverse this rejection. 

The present claims are directed to an isolated polynucleotide comprising a polynucleotide 
encoding a prokaryotic secretion signal sequence and a polynucleotide encoding an intact 
antibody comprising a variant heavy chain wherein the variant heavy chain comprises a variant 
hinge region which does not form inter-heavy chain disulfide linkages, and wherein said variant 
hinge region lacks a cysteine residue, wherein the cysteine residue is capable of forming an inter- 
chain disulfide linkage when present. 

Applicants submit that when the Simmons reference is read as a whole, it does not 
disclose every element of the claims. The Simmons reference is directed to methods for 
improved expression and production of biologically active antibodies by using separate cistrons 
under the control of separate promoters and including separate translation initiation regions. The 
reference indicates that a cysteine residue not involved in maintaining the proper conformation 
of the antibody can be substituted by serine residues. It is important to note the reference does 
not state that any cysteine residue can be altered but those that are not involved in maintaining 
proper conformation of the antibody. 

The Simmons et al reference describes the structure of full length antibodies throughout 
the document including at paragraph [0044] by stating "A naturally occurring antibody 
comprises four polypeptide chains, two identical heavy (H) chains and two identical light (L) 
chains, inter-connected by disulfide bonds. " (emphasis added) At paragraph [0049] the 
reference states "The capability of a full length antibody to exert one or more of its natural 
activities depends on several factors, including proper folding and assembly of the polypeptide 
chains. As used herein, the biologically active immunoglobulins generated by the disclosed 
methods are typically heterotetramers having two identical L chains and two identical H chains 
that are linked by multiple disulfide bonds and properly folded." (emphasis added) At 

11 



Appl. No. 10/697,995 
Amendment dated October 19, 2007 
Reply to Office Action of August 24, 2007 



paragraph [0103], the Simmons et al reference further states " Sufficient disulfide bonds are 
particularly important for the formation and folding of full length, bivalent antibodies having two 
heavy chains and two light chains." (emphasis added) Applicants submit when the Simmons 
reference is read as a whole, cysteine residues that form disulfide bonds that interconnect two 
heavy and light chains are involved in maintaining the proper conformation of a full length 
antibody. Therefore, the Simmons et al reference does not teach that an intact antibody can or 
should be produced wherein the variant heavy chain comprises a variant hinge region which does 
not form inter-heavy chain disulfide linkages, and wherein said variant hinge region lacks a 
cysteine residue, wherein the cysteine residue is capable of forming an inter-chain disulfide 
linkage when present as claimed by Applicants. 

Secondly, Applicants submit that the Simmons et al reference indicates that a cysteine 
residue not involved in maintaining the proper conformation of the antibody can be substituted, 
generally by serine residues, to improve the oxidative stability of the molecule and prevent 
aberrant crosslinking . One of skill in the art reading the Simmons et al reference would 
understand that aberrant crosslinking can occur when cysteines in the hinge region form 
intradomain rather than the inter heavy chain domain cross links. Brennan et al, Science 229:81 
(1985) In addition, it is known to those of skill in the art that formation of proper disulfide bonds 
increases oxidative stability. See Missiakas et al, Journal of Bacteriology 179:2465 (1997) 
Thus, the Simmons reference as a whole does not disclose a polynucleotide that encodes an 
intact antibody comprising a variant heavy chain comprising a variant hinge region which does 
not form inter-heavy chain disulfide linkages, and wherein said variant hinge region lacks a 
cysteine residue, wherein the cysteine residue is capable of forming an inter-chain disulfide 
linkage when present could provide for an intact antibody in high yield. 

Withdrawal of the rejection is respectfully requested. 
Rejection under 35 U.S.C. §103(a) 

Claims 55, 57-85, 87-99, 101 and 103-114 were rejected under 35 U.S.C. § 103(a) as 
unpatentable over Gillies et al. and Davis et al., in view of Georgiou et al. (U.S. Patent No. 
5,264,365) and Kurokawa et al., J. Biol. Chem. 276:14393-14399 (2001). Claims 77-78, 80-82 
and 132 have been cancelled rendering the rejection of these claims moot. Applicants 
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respectfully traverse the rejection with regard to claims 55, 58-68, 70-76, 79, 83-85, 87-99, 101, 
103-105, 107-113 and 131. 

To make a prima facie case of obviousness, "it remains necessary to identify the reason 
why a person of ordinary skill in the art would have combined the prior art elements in the 
manner claimed." Id. The initial burden to make a prima facie case of obviousness is on the 
Examiner. In re Bell, 991 F.2d 781, 783 (Fed. Cir. 1993). Applicants submit that the Examiner 
does not make a prima facie case of obviousness, because all the limitations of the present claims 
are not taught by the combination of references cited in the Office Action and one of skill in the 
art would not have a reason to combine the references. 

The present claims are directed to an isolated polynucleotide comprising a polynucleotide 
that encodes a prokaryotic secretion signal sequence and a polynucleotide encoding an intact 
antibody comprising a variant heavy chain, wherein the variant heavy chain comprises a variant 
hinge region which does not form inter-heavy chain disulfide linkages, and wherein the variant 
hinge region lacks a cysteine residue, wherein the cysteine residue is capable of forming an inter- 
heavy chain disulfide linkage when present. 

The arguments and remarks provided above with respect to the Gillies and Davis 
references are also fully relevant here and are incorporated by reference to avoid repetition. To 
briefly summarize, Gillies fails to teach or suggest an isolated polynucleotide comprising a 
prokaryotic secretion signal sequence. Davis fails to teach or suggest an isolated polynucleotide 
comprising a prokaryotic secretion signal sequence. Georgiou is directed to construction of 
protease deficient E. coli hosts used to produce proteolytically sensitive peptides. Kurokawa 
describes production of NGF in E. coli, and the effect of Dsb protein overexpression on NGF 
production. None of these references, when combined, teach or suggest a polynucleotide 
comprising a polynucleotide encoding a prokaryotic secretion signal sequence and a 
polynucleotide encoding an intact antibody comprising a variant heavy chain, wherein the 
variant heavy chain comprises a variant hinge region that does not form inter-heavy chain 
disulfide linkages. 

Moreover, one of skill in the art would not have a reason to combine these references. 
Gillies is focused on the interaction of effector functions and antigen binding of these constructs 
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produced in hybridoma cells. Gillies does not discuss whether these antibody constructs affect 
heavy chain aggregation or can increase antibody production. In fact, expression of the antibody 
constructs as described by Gillies et al shows formation of a heavy chain dimer due to aberrant 
crosslinking between the cysteines that normally are cross linked to the light chain. See figure 5. 
In addition, Gillies et al indicates that they did not form an intact antibody from the construct in 
which the cysteines were mutated. Thus, one of skill in the art interested in producing an intact 
antibody would not follow the teachings of Gillies because they did not produce any intact 
antibody. In addition, Gillies does not teach or suggest that intact antibodies can be produced in 
prokaryotic cells. As discussed in Missiakas et al, the production of disulfide containing proteins 
in bacteria is complex and susceptible to environmental factors. 

The deficiency of Gillies is not remedied by reference to Georgiou, the '365 patent. The 
'365 patent does not describe production of intact antibodies nor does it describe or show a 
construct with a prokaryotic secretion signal sequence. The exemplified protein was a fusion of 
two bacterial proteins therefore it is unclear whether such secretion signal sequence was present 
or whether such secretion signal sequence would function to provide for secretion of intact 
antibodies as claimed by applicants. 

The deficiency of Gillies is also not remedied by reference to Kurokawa et al. The 
Kurokawa et al reference is directed to expression of nerve growth factor and enhancement of 
disulfide bond formation. This reference does not teach or suggest a polynucleotide that encodes 
a prokaryotic secretion signal sequence and a polynucleotide encoding an intact antibody 
comprising a variant heavy chain, wherein the variant heavy chain comprises a variant hinge 
region which does not form inter-heavy chain disulfide linkages. The Kurokawa reference 
describes enhancing the disulfide bond formation. 

Davis describes assembly of IgM subunits. Davis fails to teach or suggest an isolated 
polynucleotide comprising a prokaryotic secretion signal sequence. In addition, Davis et al. does 
not teach or suggest that intact antibodies can be produced in prokaryotic cells. As discussed in 
Missiakas et al., the production of disulfide containing proteins in bacteria is complex and 
susceptible to environmental factors. 
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The deficiency of Davis is not remedied by reference to Georgiou, the '365 patent. The 
'365 patent does not describe production of intact antibodies nor does it describe or show a 
construct with a prokaryotic secretion signal sequence. The exemplified protein was a fusion of 
two bacterial proteins therefore it is unclear whether such secretion signal sequence was present 
or whether such secretion signal sequence would function to provide for secretion of intact 
antibodies as claimed by applicants. 

The deficiency of Davis is also not remedied by reference to Kurokawa et al. The 
Kurokawa et al reference is directed to expression of nerve growth factor and enhancement of 
disulfide bond formation. This reference does not teach or suggest a polynucleotide that encodes 
a prokaryotic secretion signal sequence and a polynucleotide encoding an intact antibody 
comprising a variant heavy chain, wherein the variant heavy chain comprises a variant hinge 
region which does not form inter-heavy chain disulfide linkages. The Kurokawa reference 
describes enhancing the disulfide bond formation. 

In view of the remarks above, the rejection under 35 U.S.C. § 103(a) is believed to be 
overcome. Reconsideration and withdrawal of the rejection is respectfully requested. 



In view of the above amendments and remarks, Applicants respectfully request a Notice 
of Allowance. If the Examiner believes a telephone conference would advance the prosecution 
of this application, the Examiner is invited to telephone the undersigned at the below-listed 
telephone number. 



CONCLUSION 



Respectfully submitted, 
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RNase P RNA did not serve as an RNA 
ligase substrate. The oxidized RNA 
bonds contained less than 2 percent of 
the [ 32 P]pCp incorporated into the un- 
modified RNA, as determined by scintil- 
lation counting of gel slices and remained 
intact, as judged by silver staining (4, 5). 
Incubation of oxidized RNase P RNA in 
the high salt buffer of the RNase P assay 
had no effect on its later ability to serve 
as an RNA ligase substrate, demonstrat- 
ing that the oxidized terminus is stable 
under the unusual ionic conditions of the 
assay. Furthermore, periodate-oxidized 
precursor tRNA could serve equally well 
as substrate for either native or oxidized 
RNase P RNA (J). Thus, the 3' termini 
of neither the RNase P RNA nor its 
substrate are required for accurate pro- 
cessing. The mechanism of the RNase P 
reaction is different from those that oc- 
cur during intron excision from Tetrahy- 
mena rRNA. 

Since the 3'-OH of the RNase P RNA 
is not the initiating nucleophile in the 
RNase P processing reaction, it is likely 
that a hydroxyl group from water serves 
that role. The RNase P reaction had a 
significant dependence on hydroxide 
concentration (Fig. 1C) with an optimum 
at pH 8 to 8.5. The pH at the half- 
maximum reaction rate does not corre- 
late with any of the reported pK values 
for nucleic acid ionizable groups, con- 
sistent with dependence on hydroxide 
concentration. Above an approximate 
pH of 9, all activity was lost, probably 
because of denaturation of the catalyst 
or substrate RNA's due to deprotonation 
of U-N3 (at pH 9 to 9.5). 

Reactions involving hydroxide attack 
on phosphate esters are commonly cata- 
lyzed by proteins. The amino acid side 
chains may provide proton exchange me- 
chanics to activate a water molecule 
positioned to attack the esterified phos- 
phorus (Fig. 2). We envisage that the 
precursor tRNA substrate binds to the 
surface of the RNase P RNA in a manner 
analogous to the binding of a substrate to 
a protein surface, and that nucleic acid 
groups manipulate the reactants. A hy- 
drated Mg +2 -coordinate complex offers 
attractive geometry for the reaction (rj), 
but the actual catalysis must derive from 
the RNase P RNA. The proton donor- 
acceptor roles might be provided by nu- 
cleoside base tautomeric transitions, 
nonterminal 2-OH groups, or, conceiv- 
ably, internucleotide phosphates with 
high pK values. The delineation of the 
active site, the identification of chemi- 
cally important groups, and the roles of 
high concentrations of mono- and diva- 
lent cations required for the RNA reac- 
tion remain to be investigated. 
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Preparation of Bispecific Antibodies by Chemical 
Recombination of Monoclonal Immunoglobulin Gi Fragments 

Abstract. Preparation of bispecific antibodies by the chemical reassociation of 
monovalent fragments derived from monoclonal mouse immunoglobulin Gj is 
inefficient because of side reactions during reoxidation of the multiple disulfide 
bonds linking the heavy chains. These side reactions can be avoided by using specific 
dithiol complexing agents such as arsenite and effecting disulfide formation with a 
thiol activating agent such as 5,5'-dithiobis(2-nitrobenzoic acid). In this way 
bispecific antibodies were obtained in high yield and free of monospecific contami- 
nants from monoclonal mouse immunoglobulin Gi fragments. The bispecific anti- 
bodies were used as agents for the selective immobilization of enzymes. 
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Bispecific antibodies, hybrid immuno- 
globulins with two different antigen- 
binding sites, have been prepared from 
polyclonal rabbit immunoglobulins (1-3). 
They have many potential uses, ranging 
from immunodiagnostic procedures to 
targeted delivery of drugs. Nevertheless, 
the applications of bispecific antibodies 
would be considerably enhanced if they 
could be derived from monoclonal anti- 
bodies. The preparation of bispecific 
monoclonal antibodies by fusion of anti- 
body-producing cells was recently de- 
scribed by Milstein and Cuello (4). Al- 
though their procedure produces a mix- 
ture of hybrid antibodies with various 
assortments of chains, which must be 
fractionated to yield the desired bispeci- 
fic molecules, they suggested that it is 
superior to a chemical reconstitution ap- 



proach on account of certain technical 
problems (4). These problems include 
the need to dissociate immunoglobulins 
into half-molecules without damaging 
the antigen-binding sites and to reform 
three disulfide bonds linking the heavy 
chains, characteristic of mouse immuno- 
globulins, without allowing interfering 
side reactions, such as formation of di- 
sulfide bonds within chains. Neverthe- 
less, it has been possible to obtain hybrid 
monoclonal antibodies in low yields (5). 
We report here a chemical procedure for 
preparing bispecific antibody fragments 
from monoclonal mouse immunoglobulin 
G] (IgGi), a procedure that avoids these 
problems and generates the desired bi- 
specific reagent in high yield as the only 
product, obviating the need for further 
purification. 

To dissociate reduced immunoglobulin 
half-molecules under mild conditions, 
we used the method of Nisonoff and 
Mandy (7), who removed the Fc' portion 
of rabbit IgG by limited pepsin hydroly- 
sis to yield F(ab')2- The cleavage of 
monoclonal mouse IgG] with pepsin to 
yield F(ab') 2 proceeded readily, provid- 
ed that the reaction was carried out at a 
slightly lower pH than that with rabbit 
IgG (6, 7). About 80 percent of the 
monoclonal IgGj's were converted to 
F(ab'>2 with a good yield (75 to 95 per- 
cent) by incubation with pepsin (2 per- 
cent by weight) in 0.1M sodium acetate 
(pH 4.2) for 18 hours at 37°C. On reduc- 



tion of F(ab'>2 with 1 mM 2-mercaptoeth- 
ylamine in O.IM sodium phosphate (pH 
6.8) and 1 mM EDTA for 18 hours at 
25 6 C, complete conversion to Fab' was 
observed. 

Our attempts and those of others (5) to 
regenerate F(ab') 2 from Fab' prepared as 
described above gave yields that were 
generally poor compared to those ob- 
tained with rabbit immunoglobulin frag- 
ments (1-3). This problem was probably 
related to the three disulfide bonds that 



bridge the heavy chains in mouse IgG (8) 
(in contrast to a single such bond in 
rabbit IgG), so that dimerization, which 
involves formation of disulfides between 
chains, must compete with disulfide for- 
mation within chains. Our strategy for 
avoiding this problem involved two ma- 
jor modifications of the procedure of 
Nisonoff and Mandy (7). The first con- 
sisted of carrying out the reduction of 
F(ab') 2 in the presence of the dithiol 
complexing agent sodium arsenite to sta- 
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Table 1. Enzyme immobilization by bispecific antibodies. Biotinylated regenerated cellulose 
membranes (4.8-mm a-Metricel disks; Gelman) were prepared by CNBr activation (16) and 
substitution with biocytin (77). They were then incubated with or without avidin (5 u^) in 50 pi 
of buffer G (10 mM potassium phosphate and Q.6M NaCl; pH 7.4) containing bovine serum 
albumin (10 mg/ml) for 1 hour at 4°C. After brief washing with buffer G containing 0.1 percent 
Tween 20, the membranes were incubated for 2 hours at 4°C in 100 uJ of buffer G containing 1 
percent bovine serum albumin and the bispecific antibodies were directed against different 
epitopes of E. coli B-galactosidase (BG). After being washed five times with 0.5 ml of buffer G 
containing 0.1 percent Tween 20, the membranes were assayed for BG activity (18) or 
horseradish peroxidase (HRP) activity (19) with o-nitrophenylgalactoside or o-phenylenedi- 
amine, respectively, as chromogenic substrates, by measuring absorbance at 420 or 490 nm. 
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biUze vicinal dithiols (9) and impede in- 
tramolecular disulfide formation. The 
second involved activating the thiols of 
one of the Fab' preparations as the thiO- 
nitrobenzoate (TNB) derivative (70). 
The reaction scheme (Fig. 1) consists of 
the reduction of two different F(ab)'2 
fragments with 2-mercaptoethylamine in 
the presence of sodium arsenite and their 
conversion to the TNB derivatives by 
reaction with 5,5'-difhiobis(2-nitroben- 
zoic acid) (Ellman's reagent). One of the 
Fab'-TNB derivatives is then reconvert- 
ed to the Fab'-thiol by reduction with, 2- 
mercaptoethylamine and is mixed with 
an equimolar amount of the other Fab'- 
TNB derivative to form the hybrid di- 
mer. 

The efficacy of sodium arsenite in pre- 
venting intrachain disulfide bonds was 
demonstrated by titration with Ellman's 
reagent. When F(ab') 2 was reduced in 
the absence of arsenite, monoclonal 
mouse Fab' and rabbit Fab' bound near- 
ly the same amount of TNB, but mouse 
F(ab')2 reduced in the presence of arse- 
nite bound approximately three times 
more TNB. The use of Ellman's reagent 
(70) as a thiol activating agent had four 
important advantages. First, the Fab'- 
TNB derivative was a relatively stable 
compound, and thus a convenient inter- 
mediate, which could be stored at 4°C for 
several days with only slight deteriora- 
tion. Second, Fab'-TNB was alsjp a con- 
venient source of Fab'-thiol* which 
could be generated by brief exposure to 
2-mercaptoethylamine. Third, the reac- 
tion of a Fab'-TNB with a Fab'-thiol led 
to the bispecific F(ab') 2 as the sole prod- 
uct, obviating the need for separation 
from symmetrical dimeric products. Fi- 
nally, thiol activation with Ellman's rea- 
gent allowed bispecific antibody forma- 
tion in the absence of net thiol oxidation. 
EDTA could thus be present at all steps 
to prevent heavy metal-catalyzed disul- 
fide formation, ensuring that— even 
without exclusion of 0 2 from the atmo- 
sphere and solvents — the Fab'-thiol re- 
actant did not self-dimerize. 

An example of the formation of a 
bispecific antibody from an anti-avidin 
Fab' and an anti-luciferase Fab' is shown 
in Fig. 2, the reaction being monitored 
by high-performance gel exclusion chro- 
matography. Under the coupling condi- 
tions used, the activated anti-avidin Fab' 
and the thiol form of anti-luciferase Fab' 
alone formed only trace amjmnts of 
F(ab') 2 , whereas an equimolar "mixture 
formed Fiab'h with a yield of 70 percent. 
(The small amount of IgG in each of the 
samples served as an internal chromato- 
graphic standard.) The absence of dimer 
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formation when either of the reaction 
partners was absent suggested that the 
dimer formed in the complete mixture 
represented exclusively pure bispecific 
antibody. Pure product can thus be con- 
veniently obtained by subjecting the re- 
action mixture to high-performance gel 
exclusion chromatography and collect- 
ing the F(ab') 2 fraction (/7). The yields 
of F(ab')2 obtained with many combina- 
tions of different Fab' pieces were gener- 
ally 50 to 70 percent. No attempt was 
made to optimize yield by modifying the 
reaction conditions. 

Besides yield, an important consider- 
ation in evaluating our synthetic proce- 
dure is product quality. To determine 
whether the chemical manipulations 
caused irreversible alterations in the 
antigen-binding site, we carried a mono- 
clonal anti-8-galactosidase F(ab') 2 
through the procedure, thus presumably 
regenerating the starting material. We 
compared the immunoreactivity of the 
original and reconstituted F(ab') 2 in an 
enzyme-linked immunoassay against 0- 
galactosidase and found no significant 
difference. This suggested that there was 
no substantial alteration or loss of anti- 
gen-binding sites. On the other hand, 
titration with [ 14 C]N-ethylmaleimide oc- 
casionally showed the presence of 0. 1 to 
0.2 mol of residual-free thiol per mole of 
F(ab') 2 , indicating that not all disulfides 
were completely reformed. Polyacryl- 
amide gel electrophoresis in the presence 
of sodium dodecyl sulfate revealed that 
about 10 percent of the product migrated 
slightly more rapidly than F(ab') 2 , ac- 
companied by a corresponding amount 
of free light chains. These observations 
suggested that our procedure led to some 
reduction and incomplete reoxidation of 
the disulfide bond between heavy and 
light chains, without significantly affect- 
ing the integrity of the antigen-binding 
site. 

To ascertain whether the reaction 
products were indeed bispecific antibod- 
ies, we carried out our procedure with 
monoclonal Fab' against avidin on the 
one hand and against Escherichia coli p- 
galactosidase or horseradish peroxidase 
on the other. We postulated that the 
resulting bispecific antibodies would be 
able to act as linkers for immobilization 
of the enzymes on a biotin-substituted 
matrix in the presence of avidin. As 
shown in Table 1, the avidin-dependent 
binding of B-galactosidase and peroxi- 
dase to biotinylated regenerated cellu- 
lose membranes occurred in the pres- 
ence of the corresponding bispecific 
F(ab') 2 . The ability of bispecific antibod- 
ies to act as heterobifunctional protein 
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Fig. 2. Formation of bispecific antibodies. 
BALB/c mice were immunized by repeated 
injections of avidin or Photinus luciferase and 
their spleen cells were fused by conventional 
methods (13) with P3-NSl/l-Ag4 myeloma 
cells obtained from the Cell Distribution Cen- 
ter, Salk Institute. Hybrid cells were selected 
in hypoxanthine, aminopterin, and thymidine 
medium (14) and screened by enzyme-linked 
immunoassay, and selected colonies were 
cloned by limiting dilution on thymocyte feed- 
er layers. Hybridomas secreting IgGi were 
grown as ascites tumors. The IgG, in the fluid 
was purified by salting out and DEAE chro- 
matography and digested with pepsin as de- 
scribed in the text. The F(ab') 2 fragments 
were purified by high-performance liquid 
chromatography (HPLC) on a TSK-3000SW 
column in 0. \M sodium phosphate (pH 6.8) and then reduced overnight (3 mg/ml; 25°C) with 1 
mM 2-mercaptoethylamine in the same buffer with 1 mM EDTA and 10 mM sodium arsenite. 
Solid EUman's reagent was added to a concentration of 5 mM and, after 3 hours at 25°C, the 
excess reagent was removed by centrifugal gel filtration on Sephadex G-25 (15). The thiol form 
of the anti-luciferase Fab' was regenerated by a 30-minute treatment with 10 mM mercaptoethyl- 
amine followed by centrifugal gel filtration. Although the reactions described were nearly 
quantitative, the yield at this stage was about 75 percent because of mechanical losses during 
the gel filtration procedures. Shown are (A) the TNB derivative of anti-avidin Fab'(0.19 mg), 
(B) the thiol form of anti-luciferase Fab' (0.19 mg), and (C) a mixture of these, at a protein 
concentration of 2.4 mg/ml, incubated for 16 hours at 25°C in 0. 1 M sodium phosphate (pH 6.8) 
and 1 mM EDTA, all treated with 5 mM EUman's reagent to dissociate any noncovalent 
aggregates and subjected to HPLC as described above. The starting materials showed no 
change during the incubation period, whereas their mixture was converted to F(ab') 2 with a 
yield of about 70 percent. Bispecific antibody was obtained with a yield of 48 percent after 
purification by HPLC. 




cross-linkers was even more strikingly 
illustrated by the immobilization of per- 
oxidase on biotin-substituted cellulose in 
the presence of two bispecific antibod- 
ies, one with binding sites for avidin and 
p-galactosidase, the other for B-galacto- 
sidase and peroxidase, as well as both 
avidin and (3-galactosidase. This illus- 
trates the potential use of bispecific anti- 
bodies for the highly specific coimmobi- 
lization of multiple enzymes (12). Such 
complexes are self-assembling and func- 
tional enzyme sequences can be generat- 
ed, even from impure enzyme mixtures. 

In conclusion, we have described a 
rapid and efficient method for the prepa- 
ration of bispecific antibodies from 
monoclonal mouse IgGi. It differs from 
the cell fusion approach (4) by producing 
F(ab') 2 instead of intact IgG but gives 
pure products in higher yields with great- 
er ease. Whereas cell fusion is labor- 
intensive and may not always succeed 
with the hybridoma pair of choice, our 
chemical procedure allows a single oper- 
ator to prepare many different bispecific 
antibodies in less than 1 week, the only 
experimental limitation being the suscep- 
tibility of the monoclonal antibodies to 
selective cleavage by pepsin. Most im- 
portant, many applications of bispecif- 
ic antibodies require pure preparations 
(72), which are obtained directly by our 
chemical reconstitution method. In con- 
trast, the complex antibody mixtures 
produced by hybrid hybridomas must be 



purified either by difficult chromato- 
graphic procedures or by immunoaffinity 
fractionation involving drastic desorp- 
tion conditions that are likely to cause 
some irreversible denaturation. 
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INTRODUCTION 

The discovery of protein chaperones is a hallmark in the 
study of protein folding in vivo. The problems inherent to 
aggregation-prone nascent polypeptide chains are mostly alle- 
viated by two families of chaperones, Hsp60 and Hsp70, also 
known as the GroEL and DnaK proteins, respectively, in Esch- 
erichia coli (20, 21). These chaperones stabilize unstable con- 
formers of proteins during folding, translocation through lipid 
barriers, and assembly (29). Chaperones such as GroEL con- 
tain a large cavity in their structure where they can accommo- 
date loosely defined substrates such as "molten globules." The 
synergistic action of GroEL and GroES leads to either the 
release of a fully folded protein or to a structural intermediate 
that completes folding after release (51, 80). In some cases, 
multiple binding and release of a partly folded polypeptide 
may be required to achieve correct folding (51). At high tem- 
peratures, unfolding is a major problem resulting in a greater 
need for chaperones to prevent drastic protein aggregation and 
to promote disaggregation or even proteolysis of damaged 
proteins. It is quite remarkable that many chaperones and 
proteases are expressed at a higher level at elevated tempera- 
tures and especially following heat shock. Most of them are 
encoded by heat shock-regulated genes (26, 56). 

The folding of proteins residing in or transiting through the 
periplasm of gram-negative bacteria is less well understood. 
The periplasm is much more vulnerable to changes in the 
external environment, e.g., changes in pH, temperature, and 
osmolarity. This vulnerability is particularly severe in bacteria 
with leaky outer membranes. So far, none of the classical 
molecular chaperones has been identified in the periplasm, 
probably because ATP, which is crucial for the activity of the 
Hsp60 and Hsp70 families, is absent. Unlike cytoplasmic pro- 
teins, exported proteins tend to contain disulfide bonds which 
contribute to their stability and, in some cases, are essential for 
their catalytic activity. This calls for maintenance of the 
periplasm in a relatively more oxidizing state. 

Accessory proteins in the periplasm have been identified as 
folding catalysts which contribute rather differently from the 
chaperones to the protein folding reaction. Folding catalysts 
accelerate only a specific rate-limiting step of the folding re- 
action. Among them, the protein disulfide isomerases (PDI) 
perform thiol-disulfide exchanges, which are obligatory reac- 
tions during disulfide bond formation or rearrangement. The 
second type of slow conformational rearrangement, caused by 
isomerization around the Xaa-Pro peptidyl bond, is catalyzed 
by the peptidyl prolyl isomerases (PPI). The discovery and 
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activity of the folding enzymes operating in the bacterial 
periplasm are the topics of this review. 

WHY DISULFIDE BONDS AND WHERE? OXIDATION 
OF TRANSPORTED PROTEINS 

Disulfide bonds usually contribute to the stabilization of a 
folded protein conformation (11). Thus, reducing such disul- 
fide bonds and breaking the covalent linkage will induce un- 
folding of the protein, even in a buffer devoid of any sort of 
denaturant. Proteins exist, such as p-lactamase or ct-lactalbu- 
min, which do not fall apart upon reduction of their disulfide 
bonds. Even so, disulfide bridges which do not contribute di- 
rectly to protein stability define a particular conformation of 
the protein. Introducing the wrong cysteine pairing often leads 
to an unstable or inactive polypeptide because of a wrong fold. 

In vitro, disulfide bond formation is an extremely slow reac- 
tion and can take from hours to days. However, such reactions 
are fast in vivo, where most of the disulfide-bonded proteins 
are exported proteins. As a rule, their oxidation does not occur 
in the compartments where they are synthesized. Because 
polypeptides destined to leave the cytoplasm of bacteria or the 
cytosol of eukaryotic cells must remain in an extended confor- 
mation to be properly translocated, oxidation in such compart- 
ments should be avoided. Hence, disulfide bonds are formed in 
the endoplasmic reticulum (ER) of eukaryotes and in the 
periplasm of bacteria. 

Disulfide formation in the cytosol of eukaryotes is largely 
prevented by the reduced environment it provides with a ratio 
of reduced/oxidized glutathione (GSH/GSSG) estimated to be 
between 30:1 and 100:1 (18). In the ER, the redox environment 
is "buffered" due to the high concentration of both reduced 
and oxidized glutathione. It is of importance that an almost 
constant ratio of about 3:1 is maintained between these two 
species (33), although the mechanism by which this ratio is 
maintained is unknown. Such a situation favors the thermody- 
namic formation of disulfide bonds trapped in folded or almost 
folded proteins. About 30 years ago, an activity able to reac- 
tivate reduced and denatured RNase A was isolated (24). Its 
ability to catalyze the reformation of the correct intramolecu- 
lar disulfide bonds in scrambled RNase A by using the proper 
redox buffer (GSH/GSSG) was the reason why such an enzyme 
was named PDI (78). 

Disulfide bond catalysis is slightly more complicated in the 
periplasm of gram-negative bacteria than in the ER. The 
periplasm is separated from the extracellular environment by a 
porous membrane which allows passive diffusion of small mol- 
ecules. Variations in the medium composition do not, there- 
fore, favor the existence of a defined redox potential. However, 
it would be premature to rule out the existence of a redox 
gradient actively maintained by the cell among the cytoplasm, 
periplasm, and medium. At least, it seems that in the cytoplasm 
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a reducing balance is established with three glutaredoxin ac- 
tivities (2), as well as the thioredoxin and thioredoxin reductase 
system (71). 

GENETIC ISOLATION OF dsb AND RELATED GENES 

The first hint about a gene(s) encoding PDI-like activities 
was rather fortuitous. Genetic screens set up to isolate mutants 
defective in the insertion of proteins into the inner membrane 
identified a gene designated dsbA (4). Mutations in dsbA are 
highly pleiotropic, and the designation dsb, for disulfide bond 
formation, was given after deducing that the gene encodes a 
periplasmic thiokdisulfide oxidoreductasc (4). In these studies, 
the model protein was a hybrid consisting of the membrane 
protein MalF and (3-galactosidase ((3-gal). This hybrid protein 
confers a Lac + phenotype if it remains in the cytoplasm. It 
turned out that in a dsbA mutant, p-gal presumably remained 
reduced and as a consequence unfolded, allowing the hybrid 
MalF-p-gal to slide back into the cytoplasm. Later, the same 
genetic approach was used to identify a second gene encoding 
a putative thiokdisulfide oxidoreductase, designated dsbB (3). 
Hence, deciphering of the function of the dsbA gene opened 
the door to a rapidly expanding field with respect to protein 
folding in the periplasm. 

The dsbA gene was also identified by two other independent 
genetic approaches. The first one consisted of looking for mu- 
tations leading to decreased alkaline phosphatase (AP) activ- 
ity. AP is a periplasmic enzyme which contains two disulfide 
bonds in its folded conformation. Mutations in the dsbA gene 
were found to block AP activity (37). The second genetic 
search was more direct, since it was aimed at isolating thiol: 
disulfide oxidoreductase activities by looking for mutants 
which were hypersensitive to dithiothreitol (DTf), a strong 
reducing agent. Addition of DTf primarily offsets the oxidiz- 
ing balance of the periplasm, and mutants unable to cope with 
small variations in redox potential could be obtained. Muta- 
tions in the dsbA, dsbB, and trxB genes, among others, were 
obtained (61). Finally, this general approach was also used to 
clone genes which in multicopy confer resistance to sublethal 
concentrations of DTT. Resistance to high DTT concentra- 
tions could be conferred by the dsbB gene (61). This allowed 
direct selection for its cloning. 

It soon became clear that the pleiotropic phenotype of mu- 
tations in either dsbA or dsbB could be attributed to folding 
defects of various disulfide bond-containing proteins. For in- 
stance, dsbA and dsbB mutations were also isolated because 
they blocked cellular pathways or activities depending solely on 
the presence of one disulfide bond-containing protein. Hence, 
dsbB mutants were isolated because they conferred a motility 
defect on E. coli due to accumulation of the reduced P-ring 
protein forming the flagellar basal body (14). This nonmotile 
phenotype is also observed in bacteria carrying mutations in 
dsbA (14). In Vibrio cholerae, biogenesis of the toxin-coregu- 
lated colonization pilus was found to require the tcpG gene 
product, a protein 40% identical to E. coli's DsbA (66). Mu- 
tations in tcpG were independently found to be responsible for 
the defective production of the enterotoxin B subunit (EtxB), 
another disulfide bond-containing protein whose toxicity was 
highly reduced in tcpG mutants (84, 85). Another DsbA ho- 
molog, Por (45% identical to the E. coli DsbA protein), was 
identified in Haemophilus influenzae because mutations in the 
Por-encoding gene impaired competence-induced DNA up- 
take in this bacterium, presumably because this process in- 
volves outer membrane proteins (OMPs) with disulfide bonds 
in their active state (76). The list is not exhaustive, and there 
arc many other cases in which mutations in dsbA have been 



found to block the folding of secreted proteins and, in some 
cases, attenuate the virulence of certain pathogenic bacteria (1, 
7, 35, 64, 83). 

IDENTIFICATION OF THIOL:DISULFIDE 
OXIDOREDUCTASES OTHER THAN DsbA AND DsbB 

A search for suppressors able to reverse the DTT sensitivity 
of dsbA mutants revealed further prokaryotic PDI-like activi- 
ties, designated DsbC, DsbD, and DsbE (see Fig. 3) (58-60). 
These enzymes seem to have either thiokdisulfide isomerase 
(DsbC) or thiolrdisulfide reductase (DsbD and DsbE) activity. 
Hence, the hypersensitivity to DTT exhibited by dsbA mutants 
can be alleviated in two ways: either by overexpressing dsbC 
(60) or by null mutations in either dsbD (59) or dsbE. DsbC 
was also identified independently in Erwinia chrysanthemi by 
Shevchik and colleagues (73), who used E. chrysanthemi DNA 
libraries to complement an E. coli dsbA mutant. 

DsbC, like DsbA, is a periplasmic protein. Its multicopy 
effect on a dsbA mutant suggests some overlap of functions 
between the two proteins. DsbD is a membrane-bound protein. 
Given the context of its isolation, it has been proposed that 
since DsbA acts as a thiokdisulfide oxidase, DsbD should en- 
code the opposite activity, that of a thiol:disulfide reductase. 
This assumes that the suppression effect of a dsbD null muta- 
tion in dsbA null mutant bacteria occurs by setting a better 
oxidizing balance in the periplasm. In fact, DsbC accumulates 
mostly in its oxidized form in such a background and thus may 
actively substitute for the lack of DsbA (59). DsbD is also 
referred to as CutA2 (17) or DipZ (13). The dsbD transcrip- 
tion start site is indeed part of the cutA locus. The cutA locus 
has been implicated in copper homeostasis, since such mutant 
bacteria are sensitive to Cu 2+ ions (17). DipZ, or the disulfide 
isomerase protein-like domain, was discovered because it is 
involved in the biogenesis of periplasmic c-type cytochromes 
(13; see below). Similarly, mutations in dsbE were found to 
partially restore the DTT sensitivity observed with either dsbA 
or dsbB mutant bacteria (58). However, a null mutation in 
dsbE does not confer sensitivity to reduced DTT by itself. On 
the contrary, dsbE mutant bacteria are sensitive to oxidized 
DTT. Hence, the suppressing effect of a dsbE null mutation 
argues that DsbE might act in vivo more like a thiokdisulfide 
reductase than a thiokdisulfide oxidase. These results are con- 
sistent with its biochemical properties (see below). 

Dsb PROTEINS BELONG TO THE THIOREDOXIN 
SUPERFAMILY— THE CHEMISTRY OF THIOL- 
DISULFIDE EXCHANGE REACTIONS 

Unlike PDI, Dsb proteins do not share overall sequence 
homology with thioredoxins, yet all of these proteins share at 
least one similar active site, which is Cys-X-X-Cys (Fig. 1). A 
first alignment of the predicted secondary structures of DsbA 
and PDI and the known thioredoxin structure revealed the 
presence of a common fold (15). This has been confirmed with 
the resolution of DsbA's three-dimensional structure. Half of 
the DsbA protein (21 kDa) is structured as a domain super- 
imposable on the thioredoxin fold (about 10 kDa in mass) with 
an additional globular domain. The packing between the two 
domains results in a cleft which was proposed to be the sub- 
strate acceptor site (50). The Cys 30 -Pro-His-Cys 33 motif (Fig. 
1), as in thioredoxins, lies at the end of an a-helix (50). Three- 
dimensional structures are not available for PDI and DsbC, 
although crystals have been obtained for DsbC (72). Both of 
these proteins are large enough to contain a thioredoxin fold. 
In the case of PDI, which contains two Cys-X-X-Cys motifs, 
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nuclear magnetic resonance characterization of the N-terminal 
thioredoxin-like domain has confirmed its modular structure 
(39). 

Among Dsbs, the membrane-bound DsbD protein presents 
an exception in terms of its homology with PDI. DsbD contains 
a 16-kDa C-terminal domain, highly hydrophilic, facing the 
periplasm (53, 59). This domain is about 40 to 45% identical to 
the thioredoxin-like domain found in eukaryotic PDIs. There 
are two Cys-X-X-Cys motifs in the DsbD sequence, but the 
Cys^-Val-Ala-Cys* 6 redox site located in the 16-kDa C-ter- 
minal domain has been shown to carry the thiol-disulfide ex- 
change reactions essential for protein folding (59). 

The thiol-disulfide exchange reaction has been exhaustively 
characterized with thioredoxin and glutaredoxin (30). Between 
the most N-terminal Cys residue in the active site of thiol: 
disulfide oxidoreductases and the substrate, a mixed disulfide is 
formed as an obligatory intermediate. Such an intermediate is 
rapidly resolved by the second cysteine present in the active 
site of the catalyst (Fig. 2). For example, a mixed disulfide with 
DsbA reacts with an external thiol 10 3 -fold faster than a nor- 
mal mixed disulfide (81, 88). The equilibrium constant for the 
formation of the disulfide active site as measured by inter- 



S 



SH 



-P E- 

3i 3i 



31 S 

-Ps^ E 

SH SI 



FIG. 2. Formation of mixed disulfide species consisting of a polypeptide (P) 
and a thiol:disulfide oxidoreductase (E). (A) Oxidation of a polypeptide, the 
enzyme being the direct oxidant. (B) Isomerization reaction. 



change with glutathione is 80 u.M for DsbA (88) and 200 |xM 
for DsbC (86). As a comparison, a 10 M equilibrium constant 
has been measured for the formation of a disulfide in the active 
site of thioredoxin (31) and values of up to 10 s M can be 
measured for normal stabilizing bonds in folded proteins (12). 
Hence, the disulfide bonds in the active sites of DsbA and 
DsbC are very unstable. DsbA is a much better oxidant than 
thioredoxin (the standard redox potentials for DsbA, PDI, and 
thioredoxin are, respectively, 0.089 V [81], -0.11 V [28], and 
0.27 V [43] at pH 7 and 30°C). Overall, the reduced forms of 
the DsbA and DsbC proteins (82, 86, 87) are more stable than 
their oxidized forms. This destabilizing effect determines the 
redox properties of DsbA and DsbC. Normally, disulfide bonds 
have stabilizing effects on folded conformations and also on 
thiohdisulfide reductases like thioredoxin (38). It has been 
suggested that the nature of the two amino acids in the active- 
site sequence of the thioredoxin-like motif (Fig. 1) could be a 
key determinant of the redox properties of the oxidoreducta- 
ses. As an example, the Pro-to-His substitution in E. coli's 
thioredoxin active site (which makes it identical to the active- 
site sequence of PDI) results in a change of the redox potential 
value from -0.27 to -0.235 V (43) and a better ability to 
reactivate scrambled RNase A (49). Similarly, swapping DsbA's 
motif for the thioredoxin motif results in a DsbA protein with the 
thiokdisulfide chemistry of thioredoxin (23). It seems that the 
role of the two residues within DsbA's Cys 30 -Pro-His-Cys 33 
motif is to specifically lower the pKa of Cys 30 , which is critical 
for the high oxidizing capacity of DsbA (25, 63). 

Comparative analyses of the kinetic properties of the DsbA 
and DsbC active sites have led to the suggestion that DsbA is 
more efficient at transferring its disulfide bond to other pro- 
teins (88; Fig. 2A), whereas DsbC, like PDI, is more efficient at 
catalyzing disulfide rearrangements (86; Fig. 2B). Like PDI, 
DsbC is also able to bypass disulfide rearrangements in quasi- 
native species of bovine pancreatic trypsin inhibitor (BPTI) by 
directly incorporating the missing disulfide, suggesting a pos- 
sible unfoldase activity. BPTI contains three disulfides in the 
native state, and their formation reflects the kinetics of folding 
of the protein. The fact that DsbC, unlike DsbA, is a dimer 
might be a clue to its more PDI-like behavior, since active 
monomeric PDI contains two redox-active sites. 



BIOLOGICAL ACTIVITY OF THE Dsb PROTEINS 

The DsbA and DsbB couple. In vivo evidence suggest that 
the DsbA and DsbB proteins are part of the same pathway and 
act in concert to oxidize many transported proteins (Fig. 3). 
The first evidence came from the observation that DsbA ac- 
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cumulates mostly in the reduced form in the periplasm of dsbB 
mutant bacteria, whereas in wild-type bacteria both reduced 
and oxidized species are present (3, 60). A model suggesting 
that DsbB could reoxidize the reduced DsbA protein, thereby 
recycling an active DsbA thiol:disulfide oxidase, was proposed 
(3). Because of the thiohdisulfide chemistry, this model implies 
that a mixed disulfide containing of DsbA and DsbB should be 
formed via the cysteines of their active sites. Previous experi- 
ments had shown that a mixed disulfide could readily be 
trapped in vivo between glutaredoxin (mutation of Cys-14 to 
Ser) and glutathione in the cytoplasm, provided that only the 
reactive, first cysteine of each dithiol motif was present (9). A 
mixed disulfide, DsbA-Cys 30 -Cys 104 -DsbB, could be isolated 
(27, 41). It was further proved that among the four periplasmic 
cysteines found to be essential for DsbB activity (36), Cys 104 
forms a reversible disulfide bond with Cys 130 (40). This bond is 
the one transferred to DsbA. The Cys 1(,4 -Cys' 3 " linkage is 
reoxidized intramolecularly by the N-terminally located Cys 41 - 
Val-Leu-Cys 44 thioredoxin-like motif of the DsbB protein (40). 

Rat PDI secreted in the periplasmic space of E. coli is able 
to complement several phenotypes exhibited by dsbA mutants 
(65). Moreover, it has been shown that disulfide bond forma- 
tion catalyzed by rat PDI is dependent on the presence of the 
dsbB gene. This suggests that the reoxidation of the eukaryotic 
enzyme, which in the ER is dependent on the GSH/GSSG 
components, proceeds in the periplasm by direct interaction 
with the bacterial redox proteins (65). 

Thiol:disulfide isomerase and reductase activities in the 
periplasm: the DsbC, DsbD, and DsbE proteins. DsbC was 
originally isolated because it could, when expressed from a 
multicopy plasmid, reverse most of the phenotypic defects 
caused by the lack of a functional DsbA protein in vivo (such 
as lack of AP activity or motility) (60, 72). In vivo, it appears 
that DsbC functions rather independently from the DsbA- 
DsbB system and that unlike DsbA, the DsbC redox-active site 
is not recycled by the inner membrane DsbB protein (60). A 
dsbC null defect more severely impairs the folding of proteins 
with multiple disulfide bonds, such as AP and penicillin-bind- 
ing protein 4, in which cases the requirement for an isomerase 
activity is greater (60). Similarly, it has quite recently been 
shown that the folding of mouse urokinase, which contains 12 
disulfide bonds, is severely affected in a dsbC null mutant, 
again arguing the importance of DsbC isomerase activity in 
vivo (68). Although folding defects in a dsbC null mutant are 
not always as dramatic as those in a dsbA null mutant, they are 
severe enough to trigger the specific <r E -dependent regulon, 
which is induced upon misfolding of periplasmic proteins (56, 
57,67). 

Under normal growth conditions, oxidation of proteins does 
not appear to be a limiting factor in E. coli. The DsbA-DsbB 
system provides an excellent oxidative potential. For example, 
dsbB alone on a medium-copy plasmid allows bacteria to cope 
with lethal concentrations of DTT (61). However, an imbal- 
ance in the ratio between oxidized and reduced forms of both 
DsbA and DsbC, as observed in bacteria carrying mutations in 
the dsbD gene, leads to defects in proper disulfide bond for- 
mation of transported proteins, particularly those with multi- 
ple disulfide bonds, such as human AP (5) or BPTI (19). Since 
both DsbA and DsbC accumulate more in the oxidized state in 
a dsbD mutant (59), it is likely that excessive oxidation of 
disulfide-containing proteins is mediated by DsbA and DsbC in 
a random manner. These observations are in agreement with 
the presumed thiokdisulfide reductase function of DsbD. 
Based on the available genetic data (59) and preliminary bio- 
chemical evidence, it is quite likely that DsbC isomerase activ- 
ity directly depends on DsbD. Indeed, such an activity implies 



that the thiol group of Cys 98 in the active site of DsbC is free 
and accessible (Fig. 1). DsbD may be responsible for maintain- 
ing Cys 98 in its thiolate form. Synergism between DsbC and 
DsbD is further supported by the fact that a dsbD null muta- 
tion suppresses only the phenotypic defects associated with a 
dsbA or dsbB mutant background and not those of dsbC mu- 
tants. Such dsbD null suppressors partly alleviate the lethal 
growth phenotype of dsbA mutants (but not of dsbC mutant 
bacteria) which is observed when these mutant cells are grown 
in the presence of DTT or benzylpenicillin (60). Consistent 
with a common DsbC- and DsbD-mediated pathway, some 
additivity is observed in dsbC dsbD double null mutant bacteria 
(59). Finally, the suppression effect of a dsbD null mutation in 
a dsbA mutant strain is dependent solely on the presence of a 
wild-type DsbC protein which accumulates in its oxidized form 
(59, 68). 

Extragenic suppressor analyses of dsbD mutant bacteria 
have identified yet another dsb gene, designated dsbE. For 
example, the stress response induced upon accumulation of 
misfolded proteins in dsbD mutant bacteria (59) is suppressed 
by overexpressing DsbE. DsbE is a soluble periplasmic protein 
with a Cys-Pro-Thr-Cys active site (Fig. 1). As stated earlier, 
null mutations in dsbE were also independently isolated on the 
basis of suppression of the DTT-sensitive phenotype of dsbA 
null mutant bacteria. Biochemical data suggest that both DsbE 
and DsbD have redox properties closer to those of thioredoxin 
than either DsbA or DsbC (62). This explains how multiple 
copies of dsbE in a dsbD null mutant could correct the other- 
wise excessive oxidation processes mediated by DsbA and 
DsbC. The fact that a maturation defect of c-type cytochromes 
is also observed in dsbE mutant bacteria (62), as is the case 
with dsbD (dipZ) mutants (13), suggests that both proteins are 
also involved in common cellular processes. 

A global model illustrating the proposed roles of the differ- 
ent Dsb proteins is shown in Fig. 3. 

Role of the Dsb proteins in cytochrome biogenesis. The 
c-type cytochromes are electron transfer proteins found in the 
respiratory chains of both eukaryotes and prokaryotes. E. coli 
can synthesize at least five c-type cytochromes, depending on 
the availability of electron acceptors (34). It is interesting that 
some of the genes, like helX in Rlwdobacler capsulatus (6) or 
tlpA in Bradyrhizobium japonicum, whose products are essen- 
tial for the maturation of c-type cytochromes, belong to the 
thioredoxin superfamily (47). In E. coli, the dsbD and dsbA 
genes have also been shown to be essential for formate-depen- 
dent nitrite reductase (Nrf) activity and c-type cytochrome 
biogenesis (13, 54). These studies were based on independent 
searches for null mutations which either lack Nrf activity or 
exhibit defects in c-type cytochrome biogenesis. It is likely that 
DsbD maintains the cysteine residues of the apocytochrome in 
a reduced state to allow proper covalent linkage with the heme. 
It has recently been shown that DsbB is also required for the 
synthesis of c-type cytochromes (53). An important additional 
finding from these studies has been the observation that unlike 
dsbA mutants, dsbB mutant bacteria are also defective in 
periplasmic nitrate reductase activity, indicating an additional 
role for DsbB in anaerobic electron transport (53). 

MISFOLDING OF EXPORTED PROTEINS: INDUCTION 
OF THE a E REGULON 

In the cytoplasm of bacteria, protein misfolding triggers the 
classical a 32 -dependent heat shock response (8, 20). The tran- 
sient increase in the level of the a 32 polypeptide allows a rapid 
increase in the transcription of heat shock genes. Some of 
these genes encode the major chaperones which are essential 
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for coping with the accumulation of heat-denatured proteins. 
It is clear that folding catalysts and specific chaperones are also 
present in the periplasmic space. It is less clear whether mis- 
folding, aggregation, or heat denaturation of exported proteins 
also induces the a 32 -dependent heat shock response. In most 
cases, it may not. For example, altering the solubility of two 
periplasmic proteins, L-asparaginase II (AnsB) and the maltose 
carrier protein (MalE), by synthesizing a truncated AnsB* 
protein or a mutant variant of MalE* which forms inclusion 
bodies in the periplasm, docs not induce the transcription of 
either Ion or groE, two genes transcribed by the Ea 32 polymer- 
ase (57). 

The initial hint regarding a possible response to the accu- 
mulation of misfolded protein in the cell envelope, came from 
various observations. Several pieces of biochemical evidence 
demonstrated the existence of an additional sigma factor in E. 
coli, designated either cr E or cr 24 . This factor was found to 
ensure the sustained transcription of the rpoHV2 promoter at 
elevated temperatures (rpoH encodes the cr 32 factor [16, 79]). 
Initial attempts to isolate the rpoE gene were based on the 
assumption that multicopy expression of rpoE should lead to 
increased p-gal activity from an rpoHVi-lacZ transcriptional 
fusion. Quite unexpectedly, this multicopy approach revealed 
that overexpression of some OMPs and the consequent imbal- 
ance in the ratio of OMPs are inducers of the cr E regulon (52, 
69). 

These initial findings were further sustained with the cloning 
of the rpoE gene encoding <r E (67, 69). Interestingly, the se- 
quence of the a E polypeptide showed extended homology to a 
subfamily of sigma factors, designated extracytoplasmic fac- 
tors, which are devoted to the regulation of extracytoplasmic 
activities (48). Closer examination of the stimuli leading to the 
cr E -dependent response in E. coli revealed that misfolding or 
alteration of most transported proteins, whether destined for 
the outer membrane or the extracellular medium or simply 
residing in the periplasm, induces the <r E regulon (56, 57, 67). 
Hence, the periplasmic truncated AnsB* protein or the aggre- 
gation-prone MalE* protein exclusively induces transcription 
from the rpoHFd, rpoE?2, or htrA promoters, all of which are 
recognized by the Ect e polymerase (57). Similarly, mutations in 
any of the dsb genes also trigger a a E -dependent response, 
presumably because they lead to the accumulation of slow- 
folding species in the periplasm. It is thus pertinent to point 
out that mutations in any of the dsb genes can be isolated by 
simply scoring for increased ct e activity. What is even more 
important is that the induction of the <r E -dependenl response 
is even more dramatic if a null mutation in any of the dsb genes 
is combined with an htrA null mutation (57, 67). In fact, htrA 
encodes a periplasmic protease (HtrA-DegP) which has been 
shown to degrade abnormal polypeptides (45, 74, 75). The 
molecular mechanism of signal transduction pathways in re- 
sponse to protein misfolding in E. coli's periplasm has been 
recently reviewed in more detail (55). 

THE OTHER FOLDING CATALYSTS IN THE 
PERIPLASM 

Besides the Dsb proteins, the periplasm contains other cat- 
alysts of folding. At least one PPI, RotA (46), has been iden- 
tified in the periplasm, although its role in protein folding in 
vivo is still not known. No noticeable growth or folding defect 
has been observed in rotA mutant bacteria (42). As discussed 
above, accumulation of unfolded proteins in the periplasm or 
an altered membrane composition leads to constitutive ele- 
vated expression of the cr E regulon. Such an induction is not 
observed in rotA mutant bacteria (57). 



Pilus subunits (Pap), while transiting through the periplasm, 
require the presence of two specific extracytoplasmic proteins, 
PapC and PapD, respectively designated molecular usher and 
chaperone proteins (32). PapC and PapD prevent degradation 
of the various pilus subunits before their assembly at the outer 
membrane. 

A global search for mutations that lead to elevated expres- 
sion of the cr E regulon identified again the various dsb genes, as 
well as new folding catalysts (57). This search was combined 
with a second approach which involved screening of multicopy 
libraries for genes that lead to a decrease in the <r E -dependent 
response induced by misfolded proteins or by mutants with 
leaky membranes (e.g., htrM mutants which produce a defec- 
tive lipopolysaccharide [LPS]). These two approaches identi- 
fied three genes, surA, fkpA, and skplompH, whose products 
play an active role either as folding catalysts or as chaperones 
in the periplasm (57). SurA and FkpA have been purified and, 
consistent with their predicted amino acid sequences, have 
been shown to be bona fide PPIs (57). SurA is highly similar to 
the parvulin family of PPIs and contains two repeats of a 
parvulin-like domain at its C-terminal end (70). In contrast, 
FkpA resembles the classical FK506 binding proteins, a class of 
highly conserved PPIs. surA had been identified earlier as a 
gene whose product is required for survival of E. coli during 
the stationary phase (77). A chaperone cum folding catalyst 
role for SurA has been proposed based on the multiple sup- 
pression effects observed with multicopy SurA (57). First, SurA 
is able to assist the folding of OMPs immediately after export, 
even in the absence of proper LPS. Second, SurA in multicopy 
can promote the folding of many otherwise unstable proteins, 
such as a protein A-p-lactamase hybrid protein or aggrega- 
tion-prone proteins like mutant MalE31 and truncated 
periplasmic AnsB*. Finally, SurA can restore to nearly the 
wild-type level the cr E -dependent response otherwise constitu- 
tively induced by misfolded proteins accumulating in bacteria 
simultaneously carrying mutations in htrA and one of the dsb 
genes. Also, surA mutant bacteria present major defects in the 
maturation of OMPs and, as a consequence, exhibit sensitivity 
to detergents (57). In fact, such mutants are unable to achieve 
complete folding of the OmpA, OmpF, and LamB proteins as 
determined by trypsin sensitivity (44). 

A prominent role for Skp/OmpH during OMP folding is 
based on similar phenolypic defects observed in surA mutant 
bacteria in terms of the elevated cr E -dependent response, as 
well as defects in membranes (57). It has been recently shown 
that Skp can bind selectively to certain OMPs, suggesting its 
chaperone-like role (10). Given the known highly basic nature 
of this protein and previous copurification of Skp/OmpH with 
LPS (22), it has been proposed that Skp may act as an ex- 
change factor, which helps either to remove or to exchange the 
original LPS molecule associated with either the monomers or 
prolrimers of OMPs (57; Fig. 4). In vivo, this exchange of LPS 
may trigger the insertion of OMPs into the outer membranes 
and thereby accelerate their final folded conformation as inte- 
grated membrane proteins. 

CONCLUSIONS 

It seems clear that protein folding is an assisted process, 
whether it is in the cytoplasm or in the periplasm. Considering 
the need to maintain a relatively more oxidizing environment 
in the periplasm, we have seen that E. coli and other gram- 
negative bacteria synthesize redox proteins like DsbA and 
DsbB, which act as strong thioltdisulfide oxidants. What has 
emerged, quite surprisingly, is that the periplasm also contains 
thiol [disulfide reductases like DsbD and DsbE, which are 
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FIG. 4. Proposed model for the folding of OMPs. 



needed both to maintain a proper redox state for true periplas- 
ms disulfide isomerases like DsbC and for c-type cytochrome 
maturation. In addition, the periplasm also contains at least 
three PPIs, RotA, FkpA, and SurA. Of these, SurA, along with 
another periplasmic protein, Skp, may have, in addition, chap- 
erone-like properties that are essential for outer membrane 
biogenesis. 
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